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Abstract:

. ac
~7 "W Numerous physical characterizations clearly demonstrate that the polypen-

tapeptide of elastin (Va\l~Pr02-G]y3—Valh-G\yS)n:‘in water undergoes an inverse
temperature transition,.” Increase in order Jccurs both intermolecularly and
intramolecularly on raising the temperature from 20° to 40°C. The physical
characterizations utilized to demonstrate the inverse temperature transition
include microscopy, light scattering, circular dichroism, the nuclear Overhauser
effect, temperature dependence of composition, nuclear magnetic resonance relax-
ation, dielectric relaxation and temperature dependence of elastomer length.— At
fixed extension of the cross-linked polypentapeptide elastomer, development of
elastomeric force is seen to correlate with increase in intramolecular order,
that is, with the inverse temperature transition. Reversible thermal denatura-
tion of the ordered polypentapeptide is observed with composition and circular
dichroism studies, and thermal denaturation of the cross-linked elastomer is
also observed with loss of elastomeric force and elastic modulus:__Thus elasto-
meric force is lost when the polypeptide chains are randomized due to heatiné at
high temperature. Clearly elastomaric force is due to non-random polypeptide
structure. In spite of this, elastomeric force is demonstrated to be dominantly
entropic in origin. The source of the entropic elastomeric force is demon-
strated to be the result of internal chain dynamics and the mechanism is called
the librational entropy mechanism of elasticity.

There is significant application to the finding that elastomeric force
develops due to an inverse temperature transition. By changing the hydrophobi-
city of the polypeptide, the temperature range for the inverse temperature tran-
sition can be changed in a predictable way and the temperature range for the
development of elastomeric force follows. Thus elastomers have been prepared
where the development of elastomeric force is shifted over a 40°C temperature
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range from a midpoint temperature of 30°C for the polypentapeptide to 10°C by
increasing hydrophobicity with addition of a single CH, moiety per pentamer and
to 50°C by decreasing hydrophobici;y.

-~ The implications of these findings to eldstic processes in protein mecha-
nisms are several: i. When elastic processes are observed in proteins, it is
not necessary, and it may be incorrect, to attempt description in terms of ran-
dom chain networks and random coils. 1ii. Rather than requiring a random chain
network characterized by a random distribution of end-to-end chain lengths,
entropic elastomeric force can be exhibited by a single, short peptide segment.
iii. Perhaps of greatest significance whether occurring in a short peptide
segment or in a fibrillar protein, it should be possible reversibly to turn “on"
and "off" elastomeric force by reversibly changing the hydrophobicity of the
polypeptide. Phosphorylation and dephosphorylation would be the most obvious
means of changing the hydrophobicity of a polypeptide. These considerations are
treated in the second paper, PART 2: Simple (Passive) and Coupled (Active)

Development of Elastic Forces. = -
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1. INTRODUCTION

It is the purpose of this the first of two articles to provide clarifica-
tion of the basis of polypeptide entropic elastomeric force, its definition, the
experimental basis for its identification, d&nd, importantly, the source of
entropy change on deformation. The nature of entropic elastomeric force will be
demonstrated with the polypentapeptide of elastin, (Val‘-Proz-Glya-Val“-GlyS)n.
with the emergence of a new mechanism for the elasticity.' Entropic elasticity
of this and related sequential polypeptides derives from regular spiral struc-
tures in which internal chain dynamics (librational motion) provides the entro-
pic elastomeric force. The central point derived from studies on the polypen-
tapeptide and its analogs is that entropic protein and polypeptide elasticity
can be exhibited by regular, non-random conformations which can be denatured at
temperatures greater than 60°C with loss of elastic force and loss of elastic
modulus. Polypeptide elasticity does not require random coils or networks of
random chains. In point of fact, thermally denatured polypeptide elastomers,
i.e., the randomized polypeptide structures with no change in the number of
cross-links, exhibit greatly reduced elastic moduli.

The specific case demonstrated is one in which entropic elastic states of
polypeptides are obtained on the more ordered side of an inverse temperature
transition. Since the temperature of the inverse temperature transition depends
on the hydrophobicity of the polypeptide chain, it becomes apparent at a given

temperature that elastomeric force can be turned "on" and "off" by changing the

hydrophobicity of the polypeptide chain. Examples of chemical processes whereby

the hydrophobicity of the polypeptide chain could be reversibly changed, i.e.,

! Presumably because of the firmly held view that the elasticity of elastin
derived from random chain networks, the only published physical characteriza-
tions of the elastomeric sequential polypeptides of elastin are due to the work
of this Laboratory. Because of this, the relevant work reviewed here, goiny
back a decade and one-half, will require that an uncommon proportion of the
refererces he to our own publications,
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whereby the temperature of the transition could be reversibly shifted, are
ionization/deionization as in the titration of a weak acid or base, enzymatic
amidation/deamidation of carboxylgtes. and phosphorylation/dephosphorylation,
Tne second articla (PART 2) will consider the‘application of these concepts to

entropic elastic processes of additional polypeptide and protein systems.

IT. ENTROPIC ELASTOMERIC FORCE

A. Definition of Entropic Elastomeric Force

A material displays elastomeric force, f, when it resists and recovers

from deformation. The elastomeric force is defined as the change in maximum
work function (Helmholtz free energy), 3A, with change in length, 3L, at

constant volume, V, and constant temperature, T, that is,

f =(3A
LN T (1)
<3A_ 3 Sr (s
Ly L Jy 1 L Jy.1 (2)

where E is the internal energy and S is the entropy of the elastomeric system,

But since

the elastomeric force is described as having two components, an internal energy

component, fe, and an entropy component, fs, i.e.,

On deformation, fe is due to the strain in bonds and fg, the entropic elasto-
meric force, results from a decrease in the number of configurations in the low-
est energy band of states. Since bond strain leads to bond breakage, a durable,
i.e., an ideal elastomer, would be one in which fo = 0 and f = f,. ¢Elastin, the

elastic proteir of connective tissue, presents an extreme example of a durable

e
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elastomer. Single elastic fibers can last the lifetime of an individual (Par-
tridge, 1962; Sandberg, et al., 1977). Within the normal lifetime of the indi-
vidual, single elastic fibers will nave undergone a billion stretch-relaxation
cycles in the aortic arch and thoracic aortd, where there 5 twice as :much
elastin as collagen (Cleary and Moont, 1977). Clearly one anticipates that this
is a near ideal elastomer, that elastin exhibits a dominantly entropic elasto-
meric force. Obviously to be able to exert an elastomeric force without paying
an internal energy price to do 5o would be a very useful mechanism in protein
function. Just as apparent, an fs in an elastomeric polypeptide segment should
be usable to effect an fe in an appropriately associated bond system. In par-
ticular, for it to be possible to use entropic elastomeric force to induce
strain, that is to achieve an fo, in a bond undergoing hydrolytic cleavage would
be an effective means of reducing the internal energy barrier for a reaction and
to increase the catalytic rate. But before such considerations have validity,
it is necessary both to have means of identifying entropic elastomeric force and
to understand the mechanism whereby entropic elastomeric force develops. For in
the above example of strain in enzyme catalysis it was assumed that a single,
short, anisotropic polypeptide chain segment, rather than an isotropic random
network of chains, would be sufficient to exert an entropic elastomeric force.
8. Experimental Bases for Identifying Entropic Elastomeric Force

A means of evaluating the magnitude of the elastomeric force, fg, is

in experimentally determining the fpo/f ratio. Following Flory and colleagues

(Flory et al,, 1960; Andrady and Mark, 1980; Quesiel and Mark, 1986).

—& . _q [2nlf/T (4)
f v L.n

Accordingly the experiment is to stretch the sample to a fixed length, L, and

for conditions of constant volume, V., and constant composition, n, to determine




the temperature dependence of force. The fo/f ratio is obtained from a plot of
In(f/T) versus temperature where the slope times the mean of the absolute tem-
perature for the temperature interval of interest is the fa/f ratio. For a
dominantly entropic elastomer fo/f i5 less than 0.5. Two complications with the
approach are that it is not common to be able to hold V and n constanrt with
varying temperature and that T is large, usually greater than 300°K, requiring

that the slope be determined very accurately. To overcome the former complica-

tion, an approximate correction term has been developed for conditions of
constant pressure, P, constant length and for an elastomer in equilibrium, eq,

with a solvent. The expression becomes (Dorrington and McCrum, 1977)

I
fe . _ ¢ [anle/m - Peq (5)
f ol P,L,eq o® (vi/v) -1

where 8aq = (3InV/3T)p | eq is the thermal expansion coefficient; a is the

fractional increase in length, L/Li where L, is the initial length and L the
length at fixed extension, and Vi and V are the volumes of the elastomer before
and after elongation. This correction term is an approximation for an isotropic
network of chains with a Gaussian distribution of end-to-end lengths. As seen
below, the polypentapeptide of elastin is not isotropic and would not have a
broad Gaussian distribution of end-to-end chain lengths. Fortunately as will
also be seen below, in the temperature range from 40° to 60°C, the volume of the
non-extended state and the composition are nearly constant such that Equation 4
can be considered.

Because of the limitations of Equations 4 and 5, it is useful to have
additional means of evaluating the entropic nature of a polypeptide. In order
for a polypeptide to exhibit entropic elastomeric force, the backbone must be
able to undergo substantial motion and the states represented by the motion must

be obtainable with only low enerqy barriers for goinyg from one state to another.
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Considering this, the temperature dependence of the backbone motion, e.g., of
the correlation time for the motion, can be determined. [f the energy of acti-
vation for the motion is several kcal/mola or higher, then the states could not
be sufficiently interconverting at body temperature to give a large entropy to
the backbone. If on the other hand tne activation energy is low, e.g., less
than 2 kcal/mole, then the states would be reasonably obtainable at body tem-
perature and the polypeptide backbone would have high entropy. The temperature
dependence of backbone correlation time can be obtained from nuclear magnetic
resonance and dielectric relaxation studies.
C. Proposed Mechanisms of Entropic Protein Elasticity

Having defined and arrived at means for identifying entropic elasto-
meric force (EEF), it is necessary to develop an understanding of the mechanism
as this determines the potential for EEF to be a factor in protein mechanisms.

1. Classical Theory of Rubber Elasticity: Decrease in entropy on

deformation due to displacement from random distribution of end-to-end chain

lengths
In the classical theory of rubber elasticity, the description is

one of a random chain network in which there is a random distribution of end-to-
end chain lengths (Flory, 1953; Mandelkern, 1983). This is shown in Figure 1
where the probability of a given end-to-end chain length, W(r), is plotted
against the value of the end-to-end chain length for a freely jointed chain com-
prised of 10,000 units with a repeat length of 0.25 nm (Queslel and Mark, 1986;
Flory, 1953). The end-to-end chain lengths vary from O nm to fully extended
with a peaking near 20 nm. A random chain network is an isotropic system. One
random chain configuration with the end-to-end chain length indicated as r 15
given in Figure 2 (Flory, 1953). A collection of such chains with a random

distribution of end-to-end chain lengths is what is represented by the solid
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curve in Figure 1. As developed by Flory and coworkers (Flory, et al., 1960),

calculation of the fg/f ratio is achieved by the expression

feo d In <r2>o

— = T ——

f qT *

(6)

where <r2>0 is the mean square end-to-end chain length calculated beginning with
the equation of Eyring (Eyring, 1932). That the elasticity of elastin is due to
random chain networks is a staunchly held view (Hoeve and Flory, 1958 and 1974;
Aaron and Gosline, 1980 and 1981; Torchia, et al., 1983; Torchia and Piez, 1973:
Lyerla and Torchia, 1975; Gosline and Rosenbloom, 1984; Andrady and Mark, 1980,

Fiemming, et al., 1980).

2. Solvent Entropy: Decrease in entropy on deformation due to expo-

sure of hydrophobic side chains that become surrounded by clathrate-like water

of lower entropy than bulk water

The amino acid composition of mammalian elastin, for example, is
one of 60% hydrophobic residues, one-third glycine residues and the remainder
largely due to lysine residues that become cross-links with loss of charge
(Petruska and Sandberg, 1968; franzblau and Lent, 1969). Thus in terms of amino
acid composition, elastin is a hydrophobic protein. On stretching of elastin,
it is to be expected that hydrophobic association of side chains will become
disrupted and that less-ordered bulk water will surround the exposed hydrophobic
side chains and become more-ordered clathrate-like water. Thus a decrease in
solvent entropy is expected on extension of elastin and this has been proposed
to contribute to entropic elastomeric force (Weis-fFogh and Andersen, 1970;
Gosline, 1978 and 1980; Gray, et al., 1973).

3. Librational Entropy Mechanism of Elasticity: ODecrease in entropy

on deformation due to damping of internal chain dynamics

The librational entropy mechanism of elasticity was derived from
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studies on the conformation and function of the polypentapeptide of elastin
(Urry, 1982; Urry, et al., 1982; Urry and Venkatachalam, 1983; Urry, et al.,
1985f).2 The mechanism, howaver, i5 entirely gyeneral. In the non-stretched
state, a polypeptide chain segment i5 able td exhibit internal chain dynamics
involving large amplitude, low frequency rocking motions of composite moieties,
the simplest of which would be the peptide moiety. On stretching the amplitude
of the rocking motions (of the librations) is damped and may be shifted to
higher frequency. This constitutes a decrease in entropy of the chain segment.
In its range of expressions of elastic force, the librational
entropy mechanism (LEM) may involve only a small chain segment comprised of but
a few residues. Alternatively the LEM may involve a regular dynamic structure.
The regular elastic structure, for example comprised of repeating peptide
sequences, is intermediate in its entropic state between the more rigid a-helix,
B-sheets and triple-stranded collagen structures at the one extreme and the
classically considered random chain network (random coil structure) at the other
extreme. An example of such a regular structure is the polypentapeptide of
elastin, (Va]‘-ProZ-Glya-Val“-Glys)n. Stages in the development of the confor-
mation of the polypentapeptide of elastin have been reviewed elsewhere (Urry and
Long, 1976; Urry, 1982, 1984). Here one member of the class of conformations
is demonstrated in the relaxed and extended states. The molecular conformation
of a relaxed g-spiral of the polypentapeptide is shown in Figure 3 (Venkata-
chalam and Urry, 1981; Urry, 1983; Urry, et al., 1982; Cook, et al., 1980).
A spiral is defined as the helical recurrence of a repeating conformational
feature (Urry, 1972 and 1974). Tne prefix B~ signifies that the B8-turn (see
2 The polypentapeptide of elastin (VPGVG)n recurs eleven plus times in porcine
and bovine elastin (Sandberg, et al., 1981, Rosenbloom, private comnunication),

it forms the longest sequence between cross-links, and it is centrally located
in the sequence (Rosenbloom, private communication, see Figure 1 of PART 2.)

-11-
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Figure 3A) is the dominant secondary structural feature in the spiral. The 8-
spiral of the polypentapeptide of elastin is a helical structure (see Figures 38
and C) resulting from an inverse temperature transition in which intramolecular
nydrophobic contacts are optimized. The B8-tdrns function a5 spacers between
turns of the spiral and between the g8-turns are suspended segments within which
large amplitude, low frequency librations can occur. In Figure 4A, a pentadeca-
peptide is shown in which a central pentamer has been allowed to undergo rocking
motions (librations) the amplitudes of which are within an energy cut-off of 2
kcal/mole residue (Urry and Venkatachalam, 1983). On extension along the 8-
spiral axis to a length of 130% in Figure 48, the amplitudes of the librations
within the central pentamer for the same cut-off energy are seen to have become
markedly damped. This decrease in amplitude of the librations on extension
constitutes a large decrease in the entropy of the pentapeptide segment. The
decrease in entropy provides resistance to extension and the increase in entropy
on return to the relaxed (non-stretched) state constitutes the driving farce for
recovery from deformation. This is called the librational entropy mechanism of
elasticity and the resulting entropic elastomeric force can occur within a

single short peptide segment or within a regular spiral structure.

T11. DEVELOPMENT OF STRUCTURE AND ENTROPIC ELASTOMERIC FORCE DUE TO AN INVERSE

TEMPERATURE TRANSITION

A. Definition of an Inverse Temperature Transition
One statement of the second law of thermodynamics is that entropy of a
total system of constant composition must increase with increase in temperature.
When the system is multicomponent and one component within the total system
undergoes a decrease in entropy with increase in temperature, that component is

said to have yndergone an inverse temperdture transition., When the total system
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is the two-component polypeptide-plus-water system and the polypeptide exhibits

the inverse temperature transition, then the water component must have undergone
an even greater increase in entropy through the temperature range of the inverse
temperature transition in order that the total® system will have experienced an
increase in entropy on passing through the temperature range of note. This is
understood by realizing that, below the transition, water surrounding hydro-
phobic side chains is more-ordered than bulk water (Frank and Evans, 1945;
Kauzmann, 195Y; Tanford, 1973). This more-ordered water is called clathrate-
like water which is thought to be characterized by a hydrogen-bonding network
referred to as a pentagonal dodecahedron (Swaminathan, et al., 1978). On
raising the temperature through the transition range, the clathrate-like water
becomes less-ordered bulk water as the hydrophobic side chains associate
increasing the order in the polypeptide. With polymers of the repeat peptides
of elastin, the increase in order of the polypeptide part of the system with
increase in temperature has been demonstrated in numerous ways: by light and
electron microscopy, by circular dichroism, by dielectric relaxation, by nuclear
magnetic resonance and by the nuclear Overhauser effect which provided direct
observation of hydrophobic side chain associations attending the inverse tem-
perature transition. Also there is evidence in the same system using dielectric
relaxation that the amount of clathrate-like water decreases rapidly with
increase in temperature through the same temperature range as the order in the
polypeptide increases (Buchet, et al., submitted).
B. Coacervation of the Polypentapeptide (Fibrillogenesis)
1. Definition of Coacervation

The polypentapeptide of elastin, abbreviated PPP, is soluble in
water below 25°C. On raising the temperature above 25°C, aggregation occurs.
Shown ir Figure % are curves of the development of turbidity at 300 nm for dif-
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ferent concentrations. The development is Seen to be concentration dependent
in an interesting way. On raising the concentration, the temperature profile
for turbidity formation shifts to lower temperature and becomes steeper until a
high concentration limit is reached, a limit which depends on molecular weight
(Urry, et al., 1985e). When the turbid solution is allowed to stand, the more
dense aggregates settle. When the process is reversible and the wore dense
phase is viscoelastic and of fixed composition as it is for the polypentapeptide
in water, the process is called coacervation (Bungenbery de Jong and Kruyt, 1929,
1930 and 1949) and the more dense phase is called the coacervate. The overlying
solution is called an equilibrium solution and the concentration of PPP in the
equilibrium solution decreases as the molecular weight of the PPP is increased.
The curves in Figure 5 then can be cailed temperature profiles for coacervation
(Urry, et al., 1985e).
2. Development of the Phase Diagram

The temperature dependence of the composition of the PPP-plus-
water system is shown in Figure 6 (Urry, et al., 1985e; Urry, in press). At
20°C, the polypentapeptide and water are miscible in all proportions. On
raising the temperature to 30°C when there is more than 63% water by weight,
there is a phase separation (coacervation occurs) with the development of an
overlying equilibrium solution. At this temperature, the equilibrium solution
js removed and the tube is resealed. The 30°C composition of the coacervate is

37% peptide and 63% water by weight. Continuing to raise the temperature to

60°C shows only a small expression of an overlying equilibrium solution such
that at 60°C the composition is 38% peptide and 62% water by weight. In the
temperature interval of 40° to 60°C, the coefficient of thermal expansion, Beq =
(alnv/aT), is 2.4 x 10-“/ deg. Very interestingly above 60°C there i5 a drama-

tic expulsion of water reaching at 80°C a composition of 68% peptide and 32%

-14-
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water by weight. The entire process is reversible. With the data in Figure 6,
a phase diagram can be constucted as shown in Figure 7 which also includes

information on associated polypeptide structural transitions (Urry, et al.,

L)

1985e; Urry, 1985).
3. Fibrillogenesis
As shown in Figure B, the process of coacervation is also a pro-
cess of fibrillogenesis. The polypentapeptide of elastin self-assembles to form
fibers. As seen in the scanning electron micrograph of Figure 88, a single
fiber is seen to splay-out into many parallel aligned fibrils and to recoalesce

to form the same-sized fiber (Urry, et al., 1976). In Figure BA, a transmission

electron micrograph with negative staining shows a fibril to be comprised of
parallel aligned filaments with a filament width of about Snm (Volpin, et al.,
1976). As will be shown below and as also follows from Figure 3, there is

intramolecular ordering during coacervation which provides the B-spirals which

»
*

) ‘ associate to form the filaments for the intermolecular ordering of Figure 8, and
the expulsion of water above 60°C, seen in Figure 6, is the denaturation of the

ordered polypentapeptide as would occur with the loss of the intraspiral water

B within the structure shown in Figure 30 and E.
o
t C. Correlation of Structure Development with Elastomeric Force Development
% 1. Formation of Polypentapeptide Elastomers
d
. When a tube as in Figure 6 containing coacervate at a composition
g of about 38% peptide and 62% water by weight is y-irradiation cross-linked with
E a 20 x 10%° radiation absorbed dose (20 MRAD), a cylindrical elastomeric matrix
p
: is produced (see Figure 9A) (Urry, et al., 1986d). By nuclear magnetic resonance
d
ﬁ analysis, there is little or no detectable change in the carbon-13 and nitrogen-
E 15 NMR spectra (even with 90%+ enrichment) resulting from the y-irradiation, and
]

a longitudinal relaxation rate study as a function of temperature demonstrates 4

' -15-

)
\
]
\
J

N N A e o e e



.li_.....-..--_._..... IS IvELO B AANEa e -..-nuuwanvwwwc“vmvwvmm“wwmmm
4 . d T WIWNEFUYIWER

transition to decreased mobility on going from 25° to 40°C that is essentially

the same for coacervate as for elastomer, i.e. 20 MRAD cross-linked coacervate
(see Figure 9C) (Urry, et al., 1986d; Urry, et al., 1985d). With the cylindrical
shape, the cross-sectional area can be accurdtely determined and the initial
elastic modulus is found to be 1 «x 106 dynes/cmz. Also the change in volume on

extension is easily determined with the cylindrical elastomer such that the Vi/V

ratio of €q. 5 is known. This NMR study demonstrates in the coacervate and in
the elastomer a new characterization of an inverse temperature transition to be
a decrease in backbone mobility with increasing temperature at constant composi-
tion; it also demonstrates the equivalence of the coacervate and y-irradiation
cross-linked elastomeric states.

For a more practical shape for mechanical characterizations in the
studies noted below, the coacervate is formed in the bottom of a cryotube and a
pestle containing a channel is inserted into the tube (Urry and Prasad, 1985).
The coacervate flows into the circular channel, On y-irradiation, circular elas-
tomeric bands are formed of whatever desired dimensions. Commonly the channel
is cut about 0.7 mm deep and 7 mm wide and a tube size is commonly chosen which
gives a band of about 30 mm in circumference before cutting. A resulting elas-
tomeric band is shown in Figure 9D along with the tube and pestle (Figure 9Et).

2. Demonstration of Entropic Elastomeric Force

Following Equations 4 and 5, a small strip of the synthetic elasto-
meric band of Figure 9D is placed in a pair of grips and stretched to a fixed
extension while immersed in water. The force is then monitored as a function of
temperature and the resulting data is plotted in Figure 10 as f/T(°K) versus
temperature; when plotted as 1n[f/T(°K)] versus temperature following Equations 4
and 5, above 40°C there 5 a near zero slope (-4.5 x 10-“/deg). Because of the
equivalence of the coacervate ard the synthetic elastomeric band of PPP, the
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value of Boy in Eq. 5 can be determined from tne data in Figure 6 to be 2.4 «x
10~“/deg and using a value for the volume ratio, Vj/V, determined from stretch-
ing the cylinder (Figure 98) to the 63% extension, the calculated fo/f ratio for

the data ir Figure 10 in the temperature interval of 40 to 65°C is 0.12. The

result is consistent in this temperature range with the PPP being dominantly an
entropic elastomer. There are problems, however, with using the second term on

the right-hand side of Eq. 5; an isotropic network of chains with a Gaussian

distribution of end-to-end lengths has been assumed to make this correction,
whereas the data in Figure B8 demonstrate an anisotropic fibrillar system at the
molecular level, This situation is aided somewhat by the near constant volume
and composition demonstrated in Figure 6 for the 40° to 60°C temperature range
such that Eq. 4 is approximately correct; from Eq. 4 the fo/f ratio would be
0.15. There is however the added complication that the near zero slope of
Figure 10 may be due to the development of elastomeric force resulting from the
inverse temperature transition in the 20° to 40°C temperature range and a
decrease in elastomeric force above 60°C due to thermal denaturation (see Figure
16 below).

Another measure of the entropic nature of the elastomeric force
can be the determination of the temperature dependence of the backbone motions.
The requisite data is in Figure 9C. Above 40°C there is a linear increase in

mobility with increase in temperature plotted as the inverse of the absolute

temperature T-1 (°K). From the plot for both the coacervate and the cylindrical

elastomer, the energy barrier for backbone mobility is approximately 1.5 kcal/

mole (Urry, et al., 1986d). This indicates that backbone motion occurs with a
sufficiently low energy of activation that ga larye number of states can be
achieved at physioltogical temperatures as required of an entropic elastomer,

This 15 further demonstrated by the largye amplitude, low frequency backhone
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librations observed in the dielectric relaxation data (see Figure 12 below).

Thus, it is concluded that the polypentapeptide of elastin exhibits a dominantly
entropic elastomeric force.
3. Correlations of lnvefse Temperatutre Transition (Structure

Development) with Development of Force at Fixed Extension

In Figure 10, there is a dramatic increase of elastomeric force
between 20° and 40°C demonstrated for an elastomer that had been stretched 63%
at 40°C. Tnhis development of elastomeric force correlates with a structural
transition, many different facets of which have been observed by a range of dif-
ferent physical characterizations (Urry, 1984, 1985; Urry, et al., in press;
Urry, et al., 1985b). The physical characterizations range from the macroscopic
where the unaided eye is the analytical tool, to the microscopic, to the molecu-
lar and to the atomic levels of characterization. The sum of the results leave
no question but that the molecular basis for the development of entropic elasto-
meric force is internal dynamics within a regular, non-random structure. It is
that the elasticity being examined is due to a sequential polypeptide, namely
the polypentapeptide of elastin, that allows the demonstration and conclusion of
a new molecular basis for entropic elastomeric force to be so uncomprised. In
what follows is a brief listing of some of the telling characterizations.

a. Temperature Profiles for Coacervation: In Figure 5, it is

seen that clear solutions of polypentapeptide (PPP) in water become cloudy as
the temperature is raised above 25°C. The onset of aggregation (turbidity)
correlates closely with the rise in elastomeric force seen in Figure 10.

b. Microscopy: When a droplet of cloudy solution of Figure 5 is
placed on a carbon coated grid, negatively stained with uranyl acetate and oxa-
11c acid at pH 6.2, and examined in the transmission electron microscope, the
filamentous aggregates of Ffigure BA are observed. Optical diffraction of the
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micrographs demonstrate periodicities, most prominently a S nm lateral spacing
of the filaments and also an off-meridional reflection indicating an underlying
helicity to the filaments (Volpin, et al., 1976). When two syntheses of the PPP
are carried out, one having an occasional Glu ‘residue in position four and the
second having an occasional Lys residue in position four, and when solutions of
the two syntheses are combined and a water soluble carbodiimide coupling reagent
is added during aggregation, cross-linking occurs and the molecular system is
seen to have self-assembled into fibers. This can be observed with a light
microscope with no fixative (Urry, 1983) and in the scanning electron microscope
with an aluminum coating as shown in Figure 88 (Urry, et al., 1976). Accor-
dingly, during the development of elastomeric force in the 20° to 40°C temper-

ature range, at the molecular level there is a self-assembly to form fibrillar

structures.

c. Circular Dichroism Studies: When a series of circular

dichroism (CD) curves are obtained at different temperatures on a 2.3 mg/ml
solution of PPP in water and the ellipticity at 197 nm is plotted as a function
of temperature on the left-hand ordinate and the elastomeric force of 20 MRAD
cross-linked PPP coacervate at 60% extension is plotted on the right-hand ordi-
nate as in Figure 11, the two curves are found to coincide (Urry, et al., 1985c).
The compliete CD spectrum below 25°C is more nearly that of a disordered polypep-
tide whereas the CD spectrum at elevated temperatures s characteristic of a
polypeptide containing recurring Type Il g-turns (see Figure 3A for the B-turn
and Figure 15 below for the complete CO spectra). Thus intramolecular order
increases as elastomeric force develops.

d. Nuclear Overhauser Effect Studies:  Specific intramolecular

hydrophobic side chain associations attending the inverse temperature tran-
sition of the elastomeric des Val“ analog of the PPV of elastin (Urry, et al.,
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1977) as well a3 for the PPP itself, (Khaled and Urry, unpublished data) have
been determined by means of nuclear Overhauser enhancement studies. On raising
the temperature intn the range of the inverse temperature transition, there
develops a close proximity of the V411VCﬂ3 moteties with the ProzaCﬁz moieties.
This identifies an intrapentamer part of the intramolecular hydrophobic asso-
ciation responsible for the inverse temperature transition. Evidence has; most
recently been obtained for Val yYCH; -~ ProfCH, interturn, intramolecular hydropho-
bic interactions (Urry, et al., in preparation, a).

e. Composition Studies: In Figure 6, there is observed a phase

transition which occurs in the same temperature interval in which elastomeric
force develops in Figure 10, The composition of the coacervate as noted above
at 40°C is 38% peptide and 62% water by weight (Urry, et al., 1985e). This
coacervate composition was used in the nuclear magnetic resonance and dielectric
relaxation studies noted below.

f. Nuclear Magnetic Resonance Relaxation Studies: When nuclear

magnetic resonance relaxation studies are carried out on the coacervate phase at
the 40°C composition (Urry, et al., 1985d) and on the cylindrical elastomer
(Urry, et al., 1986d) as shown in Figures 9A, B and C, the polypeptide backbone
mobility increases on raising the temperature to near 20°C. Above 20°C there
occurs a marked decrease in mobility, without any change in water content, until
the inverse temperature transition is over near 40°C. Above 40°C, the usual
increase in mobility with increase in temperature resumes. Since temperature is
the measure of molecular motion, this inverse behavior of decrease in backbone
motion with increase in temperature provides a new definition of an inverse tem-

perature transition. Again, it is during this inverse behavior that elastomeric

force develops.
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g. Dielectric Relaxation Studies: [n the polypentapeptide-plus-

water system, the only dipole moments are those of the water molecules and those
of the peptide moieties of the polypeptide backbone. Accordingly, a relaxation
that develops with its frequency above 10 MHz Jith a low energy of activatior 35
clearly due to the polypentapeptide backbone motion. When the real part of the
dielectric permittivity at 3.9 MHz divided by the temperature (°K) is plotted
for the 40°C coacervate composition as a function of temperature as shown on the
right-hand side of Figure 10, the development of relaxation intensity corresponds
with the development of elastomeric force (Urry, et al., 1984). The real part
of the dielectric permittivity is plotted in Figure 12A for the 1 MHz to 1 GHz
frequency range for a series of temperatures through the transition (Menze and
Urry, unpublished data). The relaxation is seen to occur with a localized fre-
quency as is most clearly shown in Figure 128 where the 40°C minus 20°C dif-
ference curve is plotted from the data of Henze and Urry (1985). The difference
curve is seen to be a nearly ideal Debye-type relaxation. This requires that
the peptide dipole moments responsible for the relaxation are all oscillating at
the same frequency. Because the energetics for peptide rocking motions would be
different for pentamers in different conformations, or in a random chain network
(Lyerla and Torchia, 1975), the common frequency requires that each pentamer
during the transition comes into the same conformation, that is, a reqular non-
random conformation develops during the transition (Henze and Urry, 1985).
Again, the development of elastomeric force is seen to correspond with the deve-
lopment of a reqular structure, i.e. with an increase in intramolecular order.

h. Temperature Dependence of Elastomer Length: A strip of elas-
tomeric PPP is equilibrated at 40°C and stretched to 60% and the force %o-
developed is then maintained as the temperature i5 vartfed. Like all entrop:c

elastomers, as the temperature 15 raised, the elastomer shortens, The intere,-
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ting feature about the elastomeric PPP is that the length change is exaggerated
in the 20° to 40°C temperature (Urry, et al., 1986b). Whereas latex will shor-
ten less than 10% from 100% at 20°C to 90% plus at 40°C, the elastomeric poly-
pentapeptide shortens by 30%, from 100% at 20°TC to near 70% at 40°C. This dif-
ferential behavior is even more dramatic in the absence of a load. Latex will
expand by about 5% on going from 20°C to 40°C in the absence of a load. The

elastomeric polypentapeptide on going from 20°C to 40°C undergoes a remarkable

shortening from 100% at 20°C to near 40% at 40°C as shown in Figure 13. This
dramatic shortening is the result of structure formation, i.e., of the winding
up into a helical structure. Interestingly the change in length is approxima-
tely what is to be expected if the Bg-spiral of Figure 3 simply unwound with
retention of Bg-turns (Thomas, et al., in press). Thus the development of elas-
tomeric force in Figures 10 and 11 is due in part to the shortening of end-to-
end chain length when the g-spiral structure forms as the result of the inverse
temperature transition.
D. Application of the Principle that Elastomeric Force Develops as the
Result of an Inverse Temperature Transition
It has been established repeatedly above that at fixed length, elasto-
meric force develops as the result of an inverse temperature transition. In

general, the temperature range in which an inverse temperature transition occurs

varies inversely with the hydrophobicity of the polypeptide chain. Accordingly,
the correlation established above should be useful to change the temperature at
which the development of elastomeric force occurs. This can be done by the
replacement of a valyl residue with a more hydrophobic isoleucyl residue. 7his
simple addition of a CH; mojety has no effect on the conformation of the poly-
pentapeptide (Urry, et al., 1986¢); yet as shown in Figure 14A, the temperature

profilesg of coacervation are shifted to lower temperatures. In Figure 148, the
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increase in intramolecular order with increase in temperature as followed by

circular dichroism i5 shifted to lower temperatures. And very sSignificantly as
shown in Figure 14C, the development of elastomeric force has shifted from a
midpoint near 30°C for the PPP of elastin Yo a midpoint near 10°C for the
[le'-PPP elastomer (Urry, et al., 1986c).

By decreasing the hydrophobicity (increasing the hydrophilicity) of
the polypeptide, the temperature of the transition can be raised. This is
achieved with the des Va\“-PPP, that is, with the polytetrapeptide (Va\l-Proz-
Gly3-Gly“)n. In Figure 14A, the temperature profiles for coacervation are seen
to be shifted to higher temperature as is the development of intramolecular
order (see Figure 14B). And as is expected, the development of elastomeric
force has also been shifted to higher temperatures to a midpoint for the tran-
sition of near 50°C, some 20°C higher than for the PPP (Urry, et al., 1986a).

Thus there is established the fundamental point that the temperature range for

the development of elastomeric force can be shifted by changing the hydrophobi-

city or hydrophilicity of the elastomeric polypeptide. This can be expected to

be of significance in protein mechanisms (see PART 2, the second article in this
series),
E. Thermal Denaturation

It has been established that the elastomeric state of the PPP of
efastin is one of a non-random reqular structure. The proposed class of confor-
mations for the relaxed elastomeric state is demonstrated by the 8-spiral of
Figure 3. Since the elastomeric state in the 40° to 60°C temperature range is a
non-random (though dynamic) structured state, it follows that thermal denatura-
tion should be observable. The dramatic (but very slow) expulsion of water from

the coacervate on raising the temperature from 60° to B80°C seen in Figure 6

could be the result of denaturation of a water-containing structure. This can
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be checked by circular dichroism studies in which the change in CD pattern on
standing at 80°C is determined. This is shown in Figure 15. The recurring g-
turn CD pattern is5 observed when the spectrum of the sample {s determined
shortly after reachiry 80°C. 0On starding at 30”C, the CD pattern slowly reverts
toward that of the low temperature {15“C) pattern (Urry, et al., 1985e)}. The
15°C CD pattern is obtained below the temperature for the onset of the inverse
temperature transition and is indicative of a less ordered state. As the CD
pattern on prolonged heating at 80°C slowly shifts toward that of a less ordered
state, the process that occurs with expulsion of water in Figure 6 is shown to
be denaturation. The half-life for denaturation in the small coacervate droplets
of the CD study is about three days. Under these circumstances, the thermal
denaturation can be easily shown to be reversible by lowering the temperature to
15°C where redissolution occurs.

[t now becaomes of particular interest to determine the effect of pro-
longed heating at B80°C on elastomeric force and on elastic modulus. Should
denaturation result in significant losses of elastomeric force, then it would
seem apparent that random chain networks would have little to do with the entro-
pic elastomeric force of the PPP elastomer., In Figure 16, the stress/strain
curve for the PPP elastomer is determined at 40°C to give an elastic modulus of
4.3 x 10° dynes/cmz; the sample is then returned to zero extension, heated at
80°C for 24 hours while still in the stress/strain apparatus. The new length at
zero force is determined at 40°C and the stress/strain curve is run at 40°C to
60% extension. The elastic modulus has decreased to 2.5 x 10° dynes/cmz. In
Figure 16, the 24 hour periods of heating at 80°C are repeated three more times
and the elastic modulus determined after each 24 hour period. Heating at 80°C
results in a loss of elastic modulus. In the inset in Figure 16 is a plot of
the Inlelastic modulus) versus hours at BO°C from which a half-life of about 70
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hours is obtained. This half-life is similar to that found in the circular
dichroism study (see fiqure 15). [Interestingly there is also a shorteninyg of
the elastomer on heating at 80°C in analogy to the decrease in coacervate volume
of Figure 6 above 60°C. Reversibility of the*denaturation in the cross-linked
condensed phase has not been demorstrdted whereas for the CD study (Figure 15)
and the composition study (Figure 6) reversibility was demonstrable by lowering
the temperature to below 20°C where redissolution occurs after which the process
can be repeated. Once the chains are denatured in the cross-linked sample,
however, disentanglement has not been achieved even on swelling in water at 20°C
or less. It may also be noted that when the thermoelasticity curves as in
Figures 10 and 11 are run using four hours per data point above 40°C, then an
irreversible loss of force is observed above 60°C. Thus thermal denaturation is
demonstrable directly in terms of loss of elastomeric force. As thermal ran-
domization of polypentapeptide chains results in loss of elastomeric force,
clearly random chain networks are not responsible for the observed elastomeric
force in the 40° to 60°C temperature range.

As an additional note, if the 40° to 60°C state is taken as the native
state then heat denaturation is observed on raising the temperature above 60°C
and cold denaturation is observed on lowering the temperature below 40°C.
Interestingly however, cold denaturation results in a swelling of the elastomer
whereas heat denaturation causes a shrinking of the elastomer.

F. Conclusions on the Mechanism of Entropic Polypentapeptide Elasticity

The preceding data clearly demonstrate that the classical theory of
rubber elasticity, requiring as it does a random chain network, is not relevant
to the entropic elasticity of the polypentapeptide of elastin. With respect to

the possible contribution of solvent entropy to the entropic elastomeric force,

there are a few points to note., It {s expected that clathrate-like water would
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form around the hydrophobic side chains expased to solvent on stretching but the
s5low denaturation, the slow loss of elastomeric force at 80°C, is not of a time
scale relevant to the formation and loss of clathrate-like water which occurs
with a frequency in the GHz range (Buchet, et al., submitted) and the half-life
for denaturaticn is the same whether the elastomer is heated at HB0°C while
stretched or while at zero extension (Urry, et al., submitted). Finally, as
clathrate-like water has a weak temperature dependence (Buchet, et. al, submit-
ted), there is little clathrate-like (low entropy) water at temperatures near
80°C and greater, It seems clear that force is borne by polypeptide chains and
since denatured structure with randomized chains does not contribute signifi-

cantly to the entropic elastomeric force exhibited in the 40° to 60°C tempera-

ture range, the only alternative source of chain entropy would be the entropy
due to internal chain dynamics. This gives the librational entropy mechanism of

elasticity.

IV.  LIBRATIONAL ENTROPY MECHANISM OF ELASTICITY

A. Expressions of Entropy

Boltzmann's Relation: The state of a polypeptide or of a polypeptide
segment can be completely specified by knowledge of the coordinates, gj, and
momenta, pj, of each displaceable component. In this terminology, a peptide
moiety or a methyl moiety may be considered a component. If n is the number of
such components, then a state is specified by a single point in 2n dimensional
(qi. pi) space, referred to as phase space. The number of a priori equally pro-
bable points (states), W, accessible to the system is a measure of the entropy
of the system (Eyring, et al., 1961). This bridge between statistical mechanics
and thermodynamics is called Boltzmann's relation and can be written

S = RInW (7
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r where R is the gas constant, 1.987 cal/mole deg. Taking the peptide moiety to

be planar and hond angles and lengths to be fixed, the state of a polypeptide
' backbone can also be considered to be completely specified with knowledge of the
% and ¢ torsion angles . One state can be represented as a point in conforma-
tion space. The sum of accessible states can be represented by the volume occu-

pied by such points. If the peptide segment of interest involved three torsion

atatnlaelala,

angles, then the range of torsion angle changes within a 1.5 kcal/mole cut-off
energy (e.g. 0.5 kcal/mole for each degree of freedom) above the lowest energy
state might be represented as Wl-wa, ¢z-¢% and wz—wé. Plotting these three

amplitudes of torsion angle changes along each of three axes in a rectangular

“Ya¥s a2

coordinate system describes a volume in three dimensional space and the volume
would be proportional to the entropy of the peptide segment. Should there be n

torsion angles, the space of interest would be n-dimensional and the volume of

> L &_ 0 s a9

this conformation space would again be proportional to the entropy of the
.- system. Ffor the pentapeptide, (Va\1-Pr02-G1y3-Va1“—Gly5), the ¢(Pro) torsion
angle would be fixed such that there would be nine backbone torsion angles.
Considering the pentamer within the 8-spiral conformation of Figure 3 and 4A to

be the span from the Vall a-carbon of one repeat to the val! o-carbon of the

TR O AR I

next repeat, the question of interest becomes how many ways can the pentamer
segment span the gap from the position of one vai! a-carbon to the position of
[ the next Val! a-carbon. Taking a 1 kcal/mole-residue cut-off energy and count-
ing each 5° change in torsion angle as a new state, the number of states in the
relaxed conformation (Hr), using the potential functions of Scheraga and
coworkers (Momany, et al., 1974 and 1975), calculates to be 764 (Urry, et al.,
1985f). Extending the B8-spiral to 130% as shown in Figure 48 and using the same
procedure as for the relaxed state, there caiculated for the extended conforma-

tion to be 58 states, wé. The chanye in entropy, AS, on deformation of the pen-

4 tamer becomes
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AS = ST - s® = Rin Wi/uw® (8)

"

1.987 In 764/58

5.12 cal/mole-deqg per pentamer

which is about one entropy unit per residue. * To demonstrate that the entropy
change is well-behaved with changes in cut-off energy, values of 0.6 and 2.0
kcal/mole have been uSed and the same values are obtained for the change in

entropy. Alternatively, the Boltzmann summation overstates, | e'si/RT, can be

used in the statistical mechanical definition of entropy, i.e.,

S =Rin § e~ €i/RT 4 /7
i

where €5 is the energy per mole of each allowed state and E is the total internal
energy. The change in entropy becomes

r r _.8

55 = Rin (] e S/RT 7§ ensi/RTy o (67 - gey (9)

] j
Above it has been demonstrated that the polypentapeptide elastomer is almost
entirely an entropic elastomer, i.e. that fe = 0, which means that there is
little change in internal energy on stretching such that (E7 - E®) = 0. When
the energy values for each state with a 5° change in torsion angle are used in
the summations, the entropy change is again one entropy unit per residue (Urry,

et al., 1985f). This demonstration of an entropy change due to the damping of

internal chain dynamics is, of course, relevant to any sized peptide segment in

which deformation can effect a damping of torsional motions.

Entropy of an Harmonic Oscillator: Another useful expression for
entropy derives from the consideration of the frequency of motions. While these
large amplitude, low frequency motions are expected to be nighly anharmonic,
useful qualitative insight is available from the statistical nechanical expres-

sion for entropy using the harmonic oscillator partition furction (Dauber, et

J28.
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al., 1981). The expression for entropy becomes

. S, - & (n(l - RUMVISISIIN "V Ghu /KTy

N KT

; where v; is the frequency, k 15 the Boltzmdne constant and h is P
; constant (Eyring, et al., 1961). A plot of logvj versus S; {left nand or
3f and TS; (right hand ordinate) is given in Figure 17. What is apparent
y the lower the frequency, the larger the contribution to the entropy. Al

(11)

lanck's
dinate)
is that

ibra-

tional motion of 10 MHz frequency would contribute some 9 kcal/mole to the fiee

’ energy. The correlation time, 13 = , corresponding to 10 MHz is 1

f 2mvy

6 nsec.

This is more than two orders of magnitude longer than the currently longest

trajectories calculable by means of molecular dynamics (Karplus and McCammon,

, 1981). With ultrasonic absorption of proteins showing a maximum in the

10 nsec

range (Barnes, et al., 1985; Pethig, 1979; Zana and Tondre, 1972; Schneider, et

al., 1969; Cho, et al., 1985; Cerf, 1985) and with the dielectric relaxation

g studies showing the importance of 10 nsec correlation times to entropic

[¢

elasti-

city in polypeptides and proteins (Henze and Urry, 1985; Urry, et al., 1985), it

is apparent that these low frequency motions have important contributions to the

Vall a-

y. The

rmation,

y-sigred

e lamhda

E, free energy and to the structure and function of proteins.
i B. Lambda Plots and Peptide Librational Motions
2

As seen in Figure 4, it is the suspended, Val a-carbon to
; carbon, segment in which the larger amplitude torsional motions are apparent.
~E Accordingly it becomes of interest to plot the allowed states on w(Val®) vs
p #(Gly>) and w(G]ys) Vs ¢(Vall) maps. The four torsion angles of the suspended
H segment are pafred as the torsion angles flanking each peptide moiet
,: maps, called lambda plots, are given in Figure 18A for the relaxed confo
) Interestingly, each of the allowed states fall near a 45° diagonal, that is,
: whenever there is a change fin ¢{, there is a compensating, oppositel
. change in b4 (Urry, et al., 1982; Urry and Venkatachalam, 1983). Tn
> 4.
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plots indicate that the peptide moieties are undergoing large amplitude rocking
; motions, i.e. peptide librations. This coupling of torsional angle changes is
| the basis for the identification of a librational entropy mechanism of elasti-
I city. In the relaxed state, the amplitudes of Yhe librations approach 130°
whereas on a 130% extension along the spiral axis (about a 30% increase in the
Val; a-carbon - Valli+ a-carbon distance) the amplitudes of the librations are
severely damped to about one-third of the relaxed amplitude.
C. Dielectric Relaxation and the Amplitude of the Peptide Librational
Process
As soon as the dynamic B8-spiral in Figure 3 was derived (Venkatachalam
and Urry, 1981), the concept of librational entropy was immediately raised due
to the apparent freedom of the suspended segment (Urry, 1982), and tests of the
concept were immediately initiated. These tests were the synthesis of the
L-Ala>-PPP and D-Ala>-PPP analogs and the dielectric relaxation studies., The
purpose of the former, replacing Gly® by Ala®, was to introduce a side chain, a
CH, moiety, in the middle of the suspended segment to see if elasticity could be
affected by the resuylting limiting of peptide librations. The dielectric

relaxation studies were to see if the librational process could be observed in

PPP itself and, if observed, to see whether the librational amplitudes were
damped in the Ala>-ppp analogs. The L-Alas-PPP analog is inelastic in spite of
essentially identical conformations and temperature profiles of aggregation; the
product of the temperature induced aggregation is a granular precipitate rather
than a viscoelastic coacervate, and the aggregation is irreversible (Urry, et
al., 1983a). The D-Ala>-PPP does form a viscoelastic coacervate (Urry, et al.,
1983b). As noted above in Figure 12, the dielectric relaxation studies of PPP
show a very f{nteresting, low frequency, intense, and localized relaxation
demonstrating a peptide librational process within a regular structure (Henze
and Urry, 1985), Dielectric relaxation studies on the D-Ala’-PPP coacervate
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also demonstrate the relaxation but the amplitude i5 much reduced (Henze and

Urry, unpublished data).

Using a series of cut-off energies, 0.6, 1.0, 1.5 and 2.0 kcal/mole-

residue, the dipole moment change for a pentaher was computed for both PPP and

O-A]aS-PPP (Venkatachatam and Urry, 1986). For example at 1.5 kcal/mole-residue,
the calculated dipole moment changes due to the librations were 3.78 Debye for
PPP and 1.33 Debye for D-Ala’-PPP. With these two values, it become; of interest
to use the Onsager equation for polar liquids (Onsager, 1931) to calculate the
apparent dipole moment changes from the amplitudes of the dielectric relaxa-
tions. The dipole moment changes per pentamer approximated from the experimen-
tal data is 2 Debye for PPP and 0.7 Debye for D-Ala>-ppP, Interestingly, the
values of computed and approximated experimental dipole moment change due to the

librations agree within a factor of two. Perhaps even more noteworthy is that

of the dielectric increments per mole pentamer at the 40°C coacervate concen-
trations, (72/2) (33/2.5) = 2.7, are essentially identical. Thus the comparison
of computed librational processes to experimental results is favorable. This
provides the desired comparison of a calculated and experimental result on a
property that is experimentally shown (see Figure 10) to be directly propor-

tional to the magnitude of entropic elastomeric force.

V.  SUMMARIZING COMMENTS

»
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;

3
l the computed ratio of dipole moments 3.78/1.33 = 2.8, and the experimental ratio
[ Prior to the studies briefly reviewed here on the polypentapeptide of
E elastin (see Part [I[), entropic protein elasticity was considered to require
E networks of random chains (Hoeve and Flory, 1974), that is, to be described by
t the classical theory of rubber elasticity. To have entropic elastomeric force
!

E exhibited by the more-ordered state (the higher temperature state) resulting
: from an inverse temperature transition, as demonstrated by the polypentapeptide
]
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of elastin studies, is, of course, contradiclory to the random chain network
requirement. Thus to be able to vary the temperature for the developmert of
elastomeric force by varying the hydrophobicity of a polypeptide sequence i35 a
new concept. Clearly as required for an inverse temperature, that an incredse
in the hydrophobicity of the polypeptide sequence causes the transitior to
shift to a lower temperature and that a decrease in the hydrophobicity causes

the transition to shift to a higher temperature has been demonstrated. This

means at a fixed temperature that it should be possible to turn “on" and “off"

elastomeric force exhibited by a protein by reversibly changing the polarity of
such a polypeptide sequence. The polarity of polypeptide chains can be changed
by means of a chemical process. Thus, the mechanism, called mechanochemical
coupling of the first kind, becomes a new consideration for understanding pro-
tein mechanisms where elastic forces are involved.

Having demonstrated that protein elasticity does not require random chain
networks and, in fact, having shown that thermal denaturation of an elastic pro-
tein resuits in dramatic loss of elastic modulus suggest that descriptions of
protein elastic processes should not invoke random coils. Thermal denaturation
of elastin and the polypentapeptide of elastin results in essentially complete
loss of wuseful restoring forces. Thermally denatured polypentapeptide of
elastin (random coil elastin) neither effectively resists nor recovers from
deformation when denaturation is carried out while extended. Accordingly in
those cases where the transition to the elastic state is a regular transition
from a stiff lower entropy state to a higher entropy state with a useful elastic
modulus, it now Sseems necessary to consider conformational states intermediate
in entropy between a-helices for example and random coils. Consideration of the
conformation of that intermedjate entropy state, particularly when achieved
i5ing repeating peptide sequences, should include spiral conformations in which
the repeating sequence a5 a conformational ertity repeats on a helical axis.
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Whatever the conformation, it is argued that the entropy of the intermediate
state should be described in terms of internal chain dynamics, i.e., librational
motions, instead of networks of random chains with a random distribution of end-
to-end chain lengths, As it would be a situation requiring that the same
repeating sequence be compatible with two different non-random conformations, it
would be a situation more demanding of the protein sequence. This more involved
process for turning "on“ and "off" elastomeric force will then be called mecha-
nochemical coupling of the second kind. Again a chemical process is sought that
will shift the temperature of the transition as the mechanism to turn “on" and
"off" the elastomeric force.

[mportant to the understanding of elastic processes in globular proteins
is the demonstration that entropic elastomeric force is the result of internal
chain dynamics and that a short peptide segment of but a few residues can exert
an entropic elastomeric force. Because of this, the above considerations of
obvious relevance to fibrillar proteins now become relevant to globular pro-
teins. A short peptide segment can exhibit a large entropy due to internal
chain dynamics with the ends of the segment fixed in space, and with the ends
fixed in space, the internal motions become describable in terms of librations
in which the change in one torsion angle is compensated by an oppositely signed
change in one or more other torsion angles., This {is called the librational
entropy mechanism of elasticity. Any change in the segment that results in a
decrease in amplitude and/or an increase in the frequency of the motion will
result in an entropic elastomeric force being exerted at the points of attach-
ment of segment to additional structure. The change could be a mechanical pro-
cess such as stretching (an increase in end-to-end length of the segment), it

could be a chemical process as in the mechanochemical coupling considered above,

or {t could be an electrical process as the effect of an electric field on a

membrane protein,
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Figure Legends:

Figure 1 A fifty segment random chain in two dimensions with allowed angles
ranging from +90° to -90° and with the end-to-end distance vector
indicated as r. Reproduced with permission from Flory, 1953,

Figure 2 Distribution, W(r), of end-to-end <hain lengths for a freely
jointed chain of 10,000 segments each of 0.25 nm in length. The
most probable end-to-end tength is near 20 nm with occurrences
ranging from overlapping of ends to the fully extended chain,
Redrawn from Flory, 1953 and Queslel and Mark, 1986. The dashed
line is a schematic representation of the distribution of end-to-
end chain lengths that could occur for well-oriented 800 residue
polypentapeptide of elastin in the g-spiral conformation when in
an unstretched cross-linked elastomeric matrix. [t is the
unwinding of a B8-spiral structure in the cross-linked matrix on
reversing the inverse temperature transition, i.e., on lowering

the temperature from 40° to 20°C, that results in an increase in

length of the elastomer by more than 200% (see Figure 13).

;

N Figure 3 Molecular Structure of the Polypentapeptide of Elastin

t? A. g-turn of the pentamer, Va\I-Proz-G]yB-Val“-GlyS, with the
. vallC-0...HNVal® 10 atom hydrogen bonded ring, with the
E Pro2-Gly> sequence at the corners of the turn and with the
2

:: intervening peptide moiety with its (-0, the Pro C-0,
*,

% directed on the side opposite to that of the Pro a-CH. This
3 is called a type Il Proz—Gly3 B-turn. Adapted with per-
"¢

; mission from Cook, et al., 1980,

k B. Schematic representation of a helical structure with the
s helical parameters those of the R-spiral of the PPP,

o
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Schematic representation of the 8-spiral showing the g-turns

functioning as spacers between the turns aof the helix
(spiral). Tne B-spiral is the result of optimizing intramo-
lecular hydrophobic interactions.

Spiral axis view in stereo pair of a detailed plot showing
one of a class of closely related B8-spiral conformations.
There is room for several columns of water within the 8-
spiral and shown suspended between B-turns is the suspended
peptide segment within which the peptide moieties can undergo
large amplitude rocking motions. B, C and D reproduced with
permission from Urry, 1983,

Stereo pair side view showing one of a class of closely
related B8-spiral conformations (the same as in D). 8-turns
are seen to function as spacers between turns of the spiral
with the interturn contacts utilizing the hydrophobic Val and
Pro side chains. There are spaces in the surface of the 8-
spiral where intraspiral water can exchange with extraspiral
water, The suspended segments are seen to be essentially
surrounded by space to be filled with water, and are there-
fore free to exhibit large librational motions (see Figure
4). Reproduced with permission from Venkatachalam and Urry,
1981,

Stereo pair of supercoiling of three B-spirals in of-of vir-
tual bond representation.

Stereo pair representing the structure resulting from super-
coiling of three g-spirals. The residues are represented as

spheres of different radii centered on the o-C of different

residues.
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Figure 4

Figure 5

Figure 6
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This approximates the twisted filaments seen in Figure BA.,

F. and G. reproduced with permission from Urry, et al., 1982,
Stereo pair representation of a pentadecapeptide fragment in (A)
relaxed and (B) extended (130%)° states. A central pentamer from
the Vali a-carbon of one repeat to the Vall a-carborn of the next
repeat is shown with the maximal torsional oscillations allowed
for a 2 kcal/mole-residue cut-off energy. Note the large ampli-
tude rocking possible in A and the greatly damped rocking on
stretching in B. This shows the decrease in backbone entropy that
occurs on extension. Reproduced with permission from Urry and
Venkatachalam, 1983.
Temperature profiles for aggregation followed as the development
of turbidity at 300 nm on raising the temperature of a range of
concentrations of polypentapeptide. As the concentration is
raised, aggregation begins at an increasingly lower temperature
and exhibits a steeper rise in turbidity until a high con-
centration limit is reached above which increases in concentration
cause no further lowering of temperature. The temperature of the
high concentration 1imit can be used in a plot vs In molecular
weight to estimate molecular weight. Reproduced with permission
from Urry, et al., 1985e,
Composition study of the polypentapeptide-water system as a func-
tion of temperature. At 20°C, the polypentapeptide and water are
miscible in all proportions. At 30°C, a phase separation has
occurred in which the more dense phase, called the coacervate, is
37% peptide, 63% water by weight, The overlying equilibrium solu-
tion, which contains more peptide the lower the molecular weight of

the polypentapeptide, car be removed and the tube resealed. From
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40° to 60°C there is the expression from the coacervate of very
little equilibrium solution. Above 60°C however there i5 a drama-
tic release of water from the coacervate phase indicating a second
transition, It will be shown by circular dichroism that this
corresponds to a decrease in intramolecular order. Reproduced
with permission from Urry, (in press).

Figure 7 Phase-structure diagram of the polypentapeptide water system deve-
loped primarily from the data of Figure 6 and supplemented by
other physical characterizations. Adapted with permission from
Urry, 1985.

Figure 8 Self-Assembly into Filaments, Fibrils and Fibers
A. Aggregates from the cloudy solution of Figure 5 prepared for

examination in transmission electron microscope using the
negative staining technique. The molecules dissolved in
water below 25°C aggregate on raising the temperature to form
filaments. Optical diffraction of the micrograph shows a
major equatorial reflection near 5 nm which corresponds to
the interfilament distance. At about 40° off the meridian is
another spot suggesting a twist to the filament as may be
observed directly on close examination of the micrograph.
The twisted filaments are modelled using polypentapeptide 8-

spirals in Figure 3E and F. Reproduced with permission from

Volpin, et al., 1976,

Polypentapeptide chemically cross-linked during the aggrega-
tion of the inverse temperature transition is seen in the
scanning electron microscope to have self-assembled into
fibers comprised of parallel aligned fibrils (see text for

more detail). Reproduced with permission from Urry, et al.,

1476.
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Figure 10
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Preparation and characterization of the cross-linked polypenta-
peptide. When polypentapeptide coacurvate is formed in & tube
as in Figure 6 and the 40°C composition is y-irradiation cross-
linked using a 20 x 10° radiathion absorbed dose (20 MRAD), an
elastomeric cylinder is prepared as shown in A. The elastomeric
cylinder can be racked up as in B for NMR studies. A plot of the
temperature dependence of peptide l?ﬁﬂ correlation time of 15N
GlyS-PPP is shown in C for both coacervate (solid line) and elas-
tomeric cylinder (dashed line). The inverse temperature tran-
sition is seen as a decrease in backbone mobility on going from
20° to 40°C. At temperatures above the transition, the tempera-
ture dependence of correlation time plotted vs T-1 (°K) shows an
energy barrier to backbone motion of about 1.5 kcal/mole for both
the coacervate and the elastomer. Reproduced with permission from
Urry, et al., 1986d. D. Synthetic elastomeric band prepared on 20
MRAD cross-linking of coacervate band formed within the channel of
a pestle when in a cryotube as in E.

Thermoelasticity data (solid 1line, left-hand ordinate) and
dielectric permittivity, real part at 3.9 MHz (dashed line, right-
hand ordinate) on the polypentapeptide of elastin. Both sets of
data have been divided by the absolute temperature (°K). For the
thermoelasticity study, the 40°C coacervate concentration was 20
MRAD cross-linked; the resulting elastomeric band was stretched to
63% at 40°C and the elastomeric force measured as a function of
temperature. The dramatic rise in force between 25° and 40°C is
due to the inverse temperature transition (i.e., elastomeric force
increases on increasing order) and the near zero slope above 40°C

indicates a dominantly entropic elastomer.,
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For the dielectric relaxation study, a 40°C coacervate was

injected from below into a coaxial line cell and the dielectric
permittivity (real pprt) was determined as a function of tempera-
ture over the 1 MHz to | GHz freduency range (see figure 12A). In
this Figure, the real part of the dielectric permittivity at 3.9
MHz divided by the absolute temperature (°K) is plotted as a func-
tion of temperature. The development of the local intense relaxa-
tion centered above 10 MHz (see Figure 12) correlates with the
development of elastomeric force. Thus the development of a regu-
lar structure in which the peptide moieties are librating near a
10 MHz frequency is responsible for the force development.

Figure 11 Ellipticity data at 197 nm of the polypentapeptide of elastin in
water (2.3 mg/ml) as a function of temperature (left-hand ordi-
nate). The ellipticity changes from that more indicative of a
less ordered state at 20°C to that indicative of a recurring B8-
turn conformation at 40°C and above. On the right hand ordinate
is plotted the force as a function of temperature for a cross-
linked band of polypentapeptide having been stretched to 60% at
40°C. Elastomeric force development correlates with development
of intramolecular order as monitored by circular dichroism,
Reproduced with permission from Urry, et al., 1985c.

Figure 12 Dielectric relaxation study of the 40°C concentration of polypen-
tapeptide coacervate in the 1 MHz to 1 GHz frequency range.
A. As the temperature is raised above 20°C, an intense, local

relaxation develops above 10 MHz (Henze and Urry, unpublished

data).
B. The 40°C minus 20°C difference curve compared to a Debye-type

curve (difference curve from the data of Henze and lrry,
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1985). The close superposition indicates a remarkably loca- g
lized frequency requiring a regular structure. The relaxa-
tion has been assigned to a peptide librational mode. As
shown in Figure 10 using thé 3.9 MHz data point from part A,
the intensity of this relaxation correltates with the develop-
ment of elastomeric force.

Figure 13 Temperature dependence of length under zero load of the 20 MRAD
cross-linked 40°C coacervate concentration of the polypentapeptide
of elastin (curve a). Note the dramatic shortening (contraction)
that occurs on raising the temperature from 20° to 40°C. The
magnitude of this shortening is equivalent to taking a near
extended polypentapeptide chain with g-turns in place and wrapping
it up into the g-spiral shown in Figure 3., This shortening is due
to an inverse temperature transition in which intramolecular

| nydrophobic interactions are optimized. Note that a classical

rubber, latex, wuriformly expands as the temperature is raised
without load (curve c). In curve b is the data for ligamentum

nuchae elastin which also shows the inverse behavior, over a

brouder range but again most steeply in the 20° to 40°C tem-
perature range, Curves a and ¢ are not those exhibited by random
chain networks. Reproduced with permission from Urry, et al.,
1986b.,

Figqure 14 Effect of polypeptide hydrophobicity on the temperature range of
the inverse temperature transition and the temperature range for
the development of elastomeric force for Ilel-ppp (llel-Proz-G]y3-
Val“-Gly®)n, for PPP (Vall-pro?-Gly3-val“-Gly®)y, and for PTP

(Va\l-Proz-G\y3-Gly“)n. where all polypeptides are greater than

50,000 molecular weight,

.
NN
-.‘\\L‘f'



A. Temperature profiles for aggregation as a function of con-
centration for each of the three sequential polypeptides.

B. Ellipticity data showing the increase in order as a function
of temperature for each of the three sequential polypeptides.

C. Development of elastomeric force as a function of temperature

for each of the three sequential polypeptides after vy-

irradiation in their coacervate states.
The addition of a single CH; moiety within the pentamer increases
the pentamer hydrophobicity and shifts the intermolecular
hydrophobic interaction (A), shifts the intramolecular hydrophobic
interaction (B) and shifts the development of elastomeric force to
lower temperature. (Adapted with permission from Urry, et al.,
1986 _.) The deletion of the hydrophobic Val“ residue shifts the
aggregation, the increase in intramolecular order and the develop-
ment of elastomeric force to higher temperature. (Adapted with
permission from Urry, et al., 1986a,c.) The magnitudes in the

shifts are proportional to the hydrophobicity change (Urry, et

al., 1986a). Thus the temperature range over which elastomeric
force develops can be shifted by changing the hydrophobicity of
the polypeptide,

Fiqure 15 Circular Dichroism data on the polypentapeptide of elastin for

2.3 mg/ml in water. At 15°C, the CD pattern is characteristic of
polypeptides with less order. A random polypeptide would have

value of -4 x 10“ at 195 nm and a slightly positive or no band

et A TW YA EARLINE O AN

near 220 nm, The presence of a negative band near 220 nm and the

-1.1 x 10-" band near 200 nm suggests the presence of some order

- - T =

even at 15°C. On steadily rajsing the temperature to 80°C, the

pattern changes to one characteristic of a repeating Type Il 8-
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Fiqure 17

turn. However on standing at 80°C, the pattern slowly changes

back toward that of less order. This slow denaturation is
entirely reversible by lowering the temperature below 25°C.
Stress/strain data on the 20 MRAD cross-linked 40°C coacervate
concentration of the polypentapeptide as a functior of time at
80°C and zero extension. The first stress/strain cycle to 60%
elongation and back, determined at 40°C gave an elastic modulus of
4.3 x 10° dynes/cmz. The sample at zero extension was then held
at 80°C for 24 hours after which the elastic modulus was again
determined at 40°C to be 2.5 x 10° dynes/cmz. This procedure was
repeated three more times. After each 24 hours of heating at
80°C, the elastic modulus decreased. In the insert is a plot of
In(elastic modulus) versuys time in hours at 80°C. From the plot,
the half-life for thermal denaturation could be determined to be
about 70 hours similar to that seen in Figure 15. Interestingly
in relation to the data in Figure 6, the elastomeric band also
shortens on standing at 80°C. While the effect of prolonged
heating at 80°C seen in Figures 6 and 15 are reversible, in the
condensed cross-linked matrix where low temperature dissolution
are not possible, reversibility has not been demonstrated.
Polypeptide chains once randomized in condensed phases apparently
do not readily restructure. Importantly the effects of thermal
denaturation are directly observable as a loss of elastomeric
force.

Plot of Equatton 11 for the entropy Si in cal/mole-deg on the
left-hand ordinate and given as TSy in kcal/mole on the right-hand

ordinate. This demonstrates the increasing contribution of low

frequency motions to the entropy of a polypeptide chain,
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Figure 18 Lambda plots of peptide moieties in the suspended segment of the
B-spiral of the polypentapeptide of elastin in the relaxed A and
extended B states and for the D-AlaS analog in the relaxed state
C. When the ¥(Valy) torsion angle is plotted versus the ¢(Glys)

torsion angle and similarly for the y(Glys) versus the ¢(Val,),

all of the allowed conformational states within a 2 kcal/mole-
residue cut-off energy fall on a 45° diagonal. This means that
these pairs of torsion angles are correlated and that the peptide
moieties undergo rocking motions, called librations. In the
relaxed state, these librational motions can occur with large
changes in torsion angle approaching 180°. When stretched to
130%, however, the amplitudes of the motion are greatly damped as
seen in B where the magnitude of the changes in torsion angles
within the same cut-off energy is now reduced to about one-third.
For the D<Ala’-PPP in its relaxed state, the plots of w(valy,) vs
¢{D-Alas) and w(DoAlas) vs ¢(valy) in C, the range of allowed tor-
sion angles is also markedly decreased over those for the PPP in

A. This decreased motion for the same 2 kcal/mole-residue cut-off

energy obtained on the basis of the conformational energy calcula-

o

tions is observed in the dielectric relaxation studies (see text

for discussion). A and B reproduced with permission from Urry, et

al., 1982 and Urry and Venkatachalam, 1983; and C reproduced with

permission from Venkatachalam and Urry, 1986.
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Polypentapeptide + Water

Coacervation and Temperature

Dependence of Coacervate Concentration
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